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Abstract
1.	 Coral	reefs	underpin	a	range	of	ecosystem	goods	and	services	that	contribute	to	
the	 well‐being	 of	 millions	 of	 people.	 However,	 tropical	 coral	 reefs	 in	 the	
Anthropocene	are	likely	to	be	functionally	different	from	reefs	in	the	past.	In	this	
perspective	piece,	we	ask,	what	does	the	Anthropocene	mean	for	the	provision	of	
ecosystem	services	from	coral	reefs?
2.	 First,	we	provide	examples	of	the	provisioning,	regulating,	cultural	and	supporting	
services	underpinned	by	coral	reef	ecosystems.	We	conclude	that	coral	reef	eco-
system	service	research	has	lagged	behind	multidisciplinary	advances	in	broader	
ecosystem	services	science,	such	as	an	explicit	recognition	that	interactions	be-
tween	social	and	ecological	systems	underpin	ecosystem	services.
3.	 Second,	drawing	on	tools	from	functional	ecology,	we	outline	how	these	social–
ecological	relationships	can	be	incorporated	into	a	mechanistic	understanding	of	
service	provision	and	how	this	might	be	used	to	anticipate	future	changes	in	coral	
reef	ecosystem	services.
4.	 Finally,	we	explore	the	emergence	of	novel	reef	ecosystem	services,	for	example	
from	 tropicalized	 coastlines,	 or	 through	 changing	 technological	 connections	 to	
coral	reefs.	Indeed,	when	services	are	conceived	as	coming	from	social–ecological	
system	dynamics,	novelty	 in	services	can	emerge	from	elements	of	the	interac-
tions	between	people	and	the	ecosystem.
5.	 This	synthesis	of	the	coral	reef	ecosystem	services	literature	suggests	the	field	is	
poorly	prepared	to	understand	the	changing	service	provision	anticipated	in	the	
Anthropocene.	A	new	research	agenda	is	needed	that	better	connects	reef	func-
tional	ecology	to	ecosystem	service	provision.	This	research	agenda	should	em-
brace	more	holistic	approaches	to	ecosystem	service	research,	recognizing	them	
as	co‐produced	by	ecosystems	and	society.	 Importantly,	 the	 likelihood	of	novel	
ecosystem	service	configurations	requires	further	conceptualization	and	empiri-
cal	assessment.	As	with	current	ecosystem	services,	the	loss	or	gain	of	services	
will	not	affect	all	people	equally	and	must	be	understood	in	the	context	in	which	
they	 occur.	With	 the	 uncertainty	 surrounding	 the	 future	 of	 coral	 reefs	 in	 the	
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1  | INTRODUC TION
Under	 the	 pressure	 of	 global	 and	 local	 stressors,	 it	 is	 increasingly	
likely	 that	 tropical	 coral	 reefs	 of	 the	 future	will	 be	 different	 from	
those	documented	in	the	recent	past	(Hughes	et	al.,	2017).	Stressors	
include	marine	 heatwaves,	 ocean	 acidification,	 over‐fishing,	 pollu-
tion	and	physical	damage,	which	each	interacts	and	selects	for	dif-
ferent	 response	 traits	 within	 the	 coral	 assemblage	 (Ban,	 Graham,	
&	Connolly,	2014;	Hughes	et	al.,	2018).	For	example,	some	species	
of	 coral	 are	more	 vulnerable	 to	 heat	 stress	 than	 others,	 resulting	
in	differential	mortality	and	recovery	rates	across	coral	 taxa	 (Loya	
et	al.,	2001).	In	cases	of	severe	heat	stress,	this	can	lead	to	altered	
community	assemblages	and	a	decline	in	functional	diversity	(Yadav,	
Alcoverro,	&	Arthur,	2018).	Reef‐associated	fish	species	are	also	dif-
ferentially	affected	by	climate	change,	habitat	alteration	and	other	
selective	pressures	like	fishing	(Wilson,	Graham,	Pratchett,	Jones,	&	
Polunin,	2006).	It	is	likely	that	whilst	some	coral	reefs	will	undergo	re-
gime	shifts	towards	a	different	ecological	state	(Norström,	Nyström,	
Lokrantz,	 &	 Folke,	 2009),	 other	 reef	 ecosystems	 will	 continue	 to	
be	dominated	by	calcifying	organisms	and	will	be	characterized	by	
a	different	set	of	structures	and	functions	(Alvarez‐Filip,	Carricart‐
Ganivet,	 Horta‐Puga,	 &	 Iglesias‐Prieto,	 2013).	 Understanding	 and	
predicting	future	configurations	of	reef	organisms	and	the	functions	
they	 provide	 is	 highly	 challenging,	 especially	 as	 these	may	 be	 in-
creasingly	decoupled	from	underlying	natural	biophysical	processes	
(Williams,	Gove,	Eynaud,	Zgliczynski,	&	Sandin,	2015).
Reef	 ecosystem	 functioning	 is	 connected	 to	 the	well‐being	 of	
millions	 of	 people	who	 directly	 or	 indirectly	 benefit	 from	 tropical	
corals	reefs	(Moberg	&	Folke,	1999).	These	benefits,	or	ecosystem	
services,	are	often	grouped	under	provisioning	(defined	as	the	prod-
ucts	 obtained	 from	ecosystems),	 regulating	 (the	 benefits	 resulting	
from	the	 regulation	of	ecosystem	processes),	 cultural	 (encompass-
ing	 cognitive	 and	 experiential	 benefits)	 and	 supporting	 services	
(services	 that	 underpin	 the	 provision	 of	 other	 services)	 (MEA,	
2005).	Despite	over	three	decades	of	research	into	ecosystem	ser-
vices,	we	continue	to	have	a	poor	understanding	of	how	ecosystem	
structures	 and	 functions	 underpin	 the	 capacity	 of	 coral	 reefs	 to	
provide	 services.	 For	 example,	 declines	 in	 the	 structural	 complex-
ity	of	reef	habitat	are	often	linked	to	changes	in	fish	communities,	
with	 likely	 impacts	on	fishery	services	 (Pratchett,	Hoey,	&	Wilson,	
2014).	However,	 recent	modelling	and	empirical	 research	suggests	
that	increases	in	herbivorous	fish	are	able	to	maintain	fishery	yields	
under	certain	conditions	(Robinson	et	al.,	2019;	Rogers,	Blanchard,	
Mumby,	&	Arlinghaus,	2018).	The	 links	between	ecological	change	
and	 services	may	 therefore	 be	more	 complex	 than	 originally	 sug-
gested	(Daw	et	al.,	2016).
The	 Anthropocene	 signifies	 a	 time	 in	 which	 human	 activities	
are	the	principal	drivers	of	change	across	scales	(Steffen,	Grinevald,	
Crutzen,	&	McNeill,	2011).	This	presents	a	challenge	for	ecological	
research	 that	 must	 actively	 engage	 in	 understanding	 the	 human	
dimensions	 of	 coral	 reefs	 and	 the	 feedbacks	 between	 social	 and	
ecological	systems	(Williams	et	al.,	2019).	Understanding	these	rela-
tionships	has	important	ramifications	both	for	future	well‐being	and	
future	 coral	 reef	 configurations.	 Against	 this	 backdrop,	 this	 paper	
asks	the	question:	what	does	the	Anthropocene	mean	for	the	provi-
sion	of	ecosystem	services	from	coral	reefs?	First,	we	explore	some	
of	the	conceptual	advances	in	ecosystem	services	research	outside	
of	coral	reef	science.	Second,	we	draw	on	approaches	in	functional	
ecology	 to	 propose	 a	 mechanistic	 basis	 for	 connecting	 between	
changes	in	reef	functions	and	services.	Finally,	we	reflect	on	whether	
novel	reef	ecosystems	could	also	result	in	novel	ecosystem	services.
2  | ECOSYSTEM SERVICES FROM TOPIC AL 
COR AL REEFS
Tropical	 coral	 reefs	 around	 the	 world	 underpin	 a	 wide	 range	 of	
services	 (Table	1;	Moberg	&	Folke,	1999).	Some	of	 the	most	well‐
studied	provisioning	services	include	fisheries	(e.g.	Grafeld,	Oleson,	
Teneva,	&	Kittinger,	2017),	cultural	services	include	recreation	and	
tourism	(Brander,	Beukering,	&	Cesar,	2007),	and	regulating	services	
include	 coastal	 protection	 (Ferrario	 et	 al.,	 2014).	Other	 provision-
ing	services	include	aquarium	fish	and	building	materials	that	come	
from	 reefs	 (Albert,	Olds,	 Albert,	 Cruz‐Trinidad,	 &	 Schwarz,	 2015).	
Reefs	also	underpin	a	number	of	other	important	regulating	services	
such	as	 the	generation	of	 sand	 (Perry,	Kench,	O'Leary,	Morgan,	&	
Januchowski‐Hartley,	2015)	and	the	processing	of	nutrients	(Archer,	
Stevens,	 Rossi,	 Matterson,	 &	 Layman,	 2017).	 Many	 of	 these	 ser-
vice	 groups	 are	 inter‐related;	 for	 example,	 the	 presence	 of	 white	
sands	generated	by	reef	processes	is	closely	linked	to	reef	tourism	
(Spalding	et	 al.,	 2017).	Cultural	 services	 reflect	 the	 fact	 that	 coral	
reefs	constitute	unique	spaces	that	are	generative	and	supportive	of	
human	experience.	As	such,	reefs	underpin	a	diversity	of	livelihoods	
and	associated	 identities	 (Cinner,	2014)	and	also	provide	opportu-
nities	for	research	and	education	(e.g.	Motuhi,	Mehiri,	Payri,	Barre,	
&	Bach,	 2016).	 Supporting	 services	 include	 important	 habitat	 and	
biodiversity	services	for	the	reef	and	adjoining	ecosystems	 (Fisher	
et	al.,	2015;	Gillis	et	al.,	2014)	 that	 indirectly	contribute	 to	human	
Anthropocene,	research	exploring	how	the	benefits	to	people	change	will	be	of	
great	importance.
K E Y W O R D S
co‐production,	functional	space,	functions,	novel	ecosystems,	service	provider,	social–
ecological	systems,	traits,	well‐being
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TA B L E  1  Examples	of	ecosystem	services	drawn	from	tropical	coral	reefs
MEA categorya 
Ecosystem 
service Definitionb  Examples
Supporting	
(underpins	the	
provision	of	all	
other	services)
Biodiversity	
benefit
Describes	the	services	and	
benefits	gained	from	
having	a	diverse	reef	
ecosystem	that	underpins	
other	services	and	
benefits
Tropical	coral	reefs	are	one	of	the	most	biodiverse	ecosystems	containing	
approximately	830,000	species	world‐wide	(Fisher	et	al.,	2015)
The	diversity	of	reefs	contributes	to	the	maintenance	of	a	genetic	library	
(Moberg	&	Folke,	1999)
Habitat Describes	the	services	and	
benefits	gained	from	
having	a	reef	ecosystem	
that	provides	key	habitat
Corals	engineer	the	environment,	interacting	with	and	creating	suitable	
conditions	for	other	tropical	nearshore	ecosystems	(Gillis	et	al.,	2014)
The	structural	complexity	of	reefs	provides	important	refugia	for	species	
(Graham	&	Nash,	2013)
Reefs	provide	habitat	for	species	at	different	life	stages	(Ortiz	&	Tissot,	
2012)
Regulating	
(regulates	the	
environment)
Coastal	
protection
Describes	the	services	and	
benefits	gained	from	reefs	
providing	coastal	
protection	from	waves	
and	extreme	weather	
events
Coral	reefs	dissipate	97%	of	the	energy	that	would	otherwise	hit	
shorelines.	This	shoreline	protection	benefits	197	million	people	who	live	
below	10	m	elevation	and	within	50	km	of	reefs	(Ferrario	et	al.,	2014)
Across	reef	coastlines,	reefs	reduce	annual	expected	damages	from	
storms	by	more	than	$4	billion	(Beck	et	al.,	2018)
Water	quality	and	
biogeochemical	
cycling
Describes	the	services	and	
benefits	gained	from	the	
cycling	of	nutrients	and	
other	material	on	reefs
Coral	mucus	acts	as	an	energy	carrier	between	reefs	and	other	nearshore	
environments	(Wild	et	al.,	2004),	whilst	sponges	play	an	important	role	
in	transferring	energy	and	nutrients	between	trophic	levels	(De	Goeij	et	
al.,	2013)
Decades	of	land	reclamation	in	Seychelles	has	influenced	water	quality	
and	coral	reef	fishers	identify	the	role	of	biotic	and	abiotic	processes	
around	reefs	in	helping	to	disperse	sediment	loads	(Hicks,	Stoeckl,	
Cinner,	&	Robinson,	2014)
Provisioning	
(goods	and	
services	from	
nature)
Fishery Describes	the	services	and	
benefits	gained	from	
fishing	on	reefs
Fish	provide	vital	nutrition	to	many	coastal	communities	(Golden	et	al.,	
2016).	From	2009	to	2013,	the	nearshore	fishery	in	Hawaii	provided	7.7	
million	meals	annually	(Grafeld	et	al.,	2017)
Fisheries	products	from	reef	environments	include	a	range	of	taxa	that	
are	used	for	subsistence	and	cash	income	(Albert	et	al.,	2015)
Coral	reef	fisheries	provide	diverse	livelihood	opportunities.	More	than	a	
quarter	of	small‐scale	fishers	fish	primarily	on	coral	reef	ecosystems	
(Teh,	Teh,	&	Sumaila,	2013).	Reef	fishers	get	enjoyment,	a	sense	of	
personal	and	cultural	identity,	prestige	and	a	lifestyle	from	fishing	
(Cinner,	2014)
Materials Describes	the	services	and	
benefits	gained	from	the	
use	of	materials,	other	
than	comestibles,	from	
reefs
In	the	Solomon	Islands,	sand	and	coral	is	harvested	for	use	in	construc-
tion,	land	reclamation	and	betel	nut	consumption	(Albert	et	al.,	2015)
1,471	species	of	fish,	140	species	of	coral	and	more	than	500	species	of	
non‐coral	invertebrates	are	harvested	from	reefs	world‐wide	for	use	in	
the	aquarium	and	curio	trade	(Wabnitz,	Taylor,	Green,	&	Razak,	2003)
Cultural	
(cognitive	and	
experiential	
benefits)
Cultural Describes	the	services	and	
benefits	gained	from	reefs	
as	generative	and	
supportive	of	human	
experience
Coral	reefs	can	underpin	the	discovery	of	compounds	with	high	biotech-
nological	potential	(Motuhi	et	al.,	2016)
Reef	tourism	is	calculated	to	be	worth	ca.	US	$35.8	billion	dollars	globally	
per	annum	(international	and	domestic	visitors).	This	includes	on‐reef	
tourism	(e.g.	diving,	snorkelling	and	glass	bottom‐boat	tours)	and	indirect	
contributions	from	reefs	to	tourism	(e.g.	calm	waters,	beaches,	views,	
seafood	and	their	use	in	advertising)	(Spalding	et	al.,	2017)c 
In	Hawaii,	the	gathering	and	sharing	of	fish	encompasses	a	range	of	
cultural	values	including	subsistence	values	(physical	and	cultural),	
activity	values,	knowledge	values	and	social	cohesion	(Grafeld	et	al.,	
2017)
aThis	is	the	Millennium	Ecosystem	Assessment	(MEA)	category	that	the	service	is	most	often	classified	against	but	this	may	vary	on	a	case	by	case	basis.	
For	example,	coastal	protection	could	be	considered	a	regulating	and	supporting	service	depending	on	the	time‐scale	and	immediacy	of	impact	it	has	
on	people	(MEA,	2005).	bThese	definitions	are	intended	to	be	broad	enough	to	capture	the	diversity	of	ways	in	which	an	ecosystem	services	framing	
can	be	applied	to	the	interactions	between	human	well‐being	and	coral	reef	ecosystems.	Specific	approaches	may	adopt	a	more	restricted	definition.	
cThe	distinction	between	recreation	and	tourism	is	not	often	made	in	the	literature,	but	generally,	tourism	refers	to	the	activities	of	often	stayover	
visitors	and	recreation	refers	to	the	activities	of	local	residents	(Laurans	et	al.,	2013).	
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well‐being,	but	are	challenging	to	capture	in	terms	of	their	independ-
ent	service	value	(Hicks,	2011).
Moberg	 and	Folke	 (1999)’s	 paper	 is	 one	of	 the	 earliest	 efforts	
to	identify	and	categorize	ecological	goods	and	services	from	coral	
reefs,	and	connected	coral	 reef	science	to	 the	then	growing	 inter-
est	 in	ecosystem	services.	Their	approach	embodied	an	ecological	
perspective	on	the	services	provided	by	coral	reef	ecosystems	and	
highlighted	the	challenges	of	connecting	biological	complexity	and	
the	provision	of	goods	and	services.	Since	then,	our	understanding	
of	 reef	 structures	 and	 functions	 in	 the	 context	 of	 environmental	
change	 has	 increased,	 whilst	 reef	 condition	 has	 continued	 to	 de-
cline	(Hughes	et	al.,	2017).	Despite	this,	the	types	of	services	iden-
tified	from	reefs	have	arguably	changed	very	little.	In	contrast,	the	
broader	field	of	ecosystem	services	research	has	evolved,	with	wider	
engagements	across	disciplines	and	knowledge	systems,	and	richer	
conceptualizations	of	how	nature	provides	benefits	 to	people	 (e.g.	
MEA,	2005;	TEEB,	2010;	Díaz	et	al.,	2015).	For	example,	ecosystem	
service	approaches	have	engaged	more	broadly	with	the	social	sci-
ences	and	are	adopting	a	more	critical	approach	to	the	relationships	
between	services	and	different	groups	of	people	(Chan	et	al.,	2012).	
For	instance,	recent	work	in	Spanish	wetland	ecosystems	shows	that	
not	 all	 stakeholders	 benefit	 equally	 from	ecosystem	 services,	 and	
that	 variables	 such	 as	 formal	 education,	 gender,	 and	 rural	 versus	
urban	livelihoods	can	be	key	factors	influencing	the	access	of	indi-
viduals	or	groups	 to	ecosystem	services	 (Felipe‐Lucia	et	 al.,	 2015;	
Martin‐Lopez	et	al.,	2012).	Furthermore,	science–policy	arenas	such	
as	 the	 Intergovernmental	 Science‐Policy	 Platform	 on	 Biodiversity	
and	 Ecosystem	 Services	 (IPBES)—and	 specifically	 its	 thematic	 as-
sessment	 of	 pollinators,	 pollination	 and	 food	 production—are	 pi-
loting	 approaches	 to	 bring	 indigenous	 and	 local	 knowledge	 into	
assessments	(Tengö	et	al.,	2017).
In	parallel	to	wider	disciplinary	engagement,	the	form	in	which	
services	are	conceptualized	has	also	developed.	Many	approaches	
assume	a	linear	relationship,	with	services	flowing	from	ecosystems	
to	people	(Haines‐Young	&	Potschin,	2010).	These	often	recognize	
that	 services	 are	 inherently	 social	 and	 ecological	 but	 ultimately	
focus	on	one	or	other	 aspects	of	 this	 relationship.	However,	 peo-
ple	actively	modify	ecosystems	to	influence	the	delivery	of	services.	
Aquaculture,	for	example,	is	primarily	adopted	in	marine	and	coastal	
systems	to	enhance	food	production,	but	can	also	be	used	to	sup-
port	the	delivery	of	other	services	such	as	restoring	biogenic	habitat	
(Froehlich,	Gentry,	&	Halpern,	2017).	Moreover,	people	and	cultures	
are	shaped	by	ecosystems	(Caillon,	Cullman,	Verschuuren,	&	Sterling,	
2017).	 For	 instance,	 activities	 that	 can	 take	 place	 in	 marine	 and	
coastal	environments	such	as	 shellfish	harvesting	 form	an	 integral	
part	of	place	attachment	that	is	connected	to	personal	experiences,	
social	relationships,	heritage	values,	ecological	knowledge	and	local	
identity	(Poe,	Donatuto,	&	Satterfield,	2016).	Recent	approaches	to	
assessing	ecosystem	services	are	now	more	explicitly	engaging	with	
the	fact	that	services	are	the	result	of	interactions	between	people	
and	ecosystems	 (Fischer	&	Eastwood,	2016),	which	 is	 increasingly	
important	in	the	context	of	a	human‐dominated	planet.	An	approach	
that	captures	the	interactions	between	social	and	ecological	systems	
can	be	applied	to	understand	how	ecological	changes	are	received	
by	different	people	(Hamann	et	al.,	2018)	and	how	human	actions,	in	
relation	to	changing	services,	feedback	onto	the	ecosystem	(Reyers	
et	al.,	2013).	If	predicted	changes	in	reef	ecosystem	functioning	af-
fect	 the	perception	of	 services,	 then	 an	 approach	 that	 recognizes	
services	 as	 co‐produced	 from	 social	 and	 ecological	 systems	 could	
provide	analytical	tools	for	connecting	changing	ecosystems,	chang-
ing	services	and	future	reef	functions.	Few	studies	to	date,	however,	
have	 fully	 explored	 what	 the	 co‐production	 of	 services	 on	 reefs	
would	look	like.
Ecosystem	services	 research	continues	 to	develop,	with	active	
discussion	ongoing	 as	 to	 its	 future	 direction	 (Braat,	 2018;	Díaz	 et	
al.,	 2018;	 Peterson	 et	 al.,	 2018).	 Similarly,	 in	 coral	 reef	 ecosystem	
services	research	there	is	no	one	conceptual	or	methodological	lead-
ing	edge.	Publications	from	2018	encompassed	work	on	changes	in	
ecosystem	 service	 provision	 (Reguero,	 Beck,	 Agostini,	 Kramer,	 &	
Hancock,	2018),	 economic	 assessments	of	 services	 (Robles‐Zavala	
&	Reynoso,	2018),	patterns	and	preferences	across	service	benefi-
ciaries	(Lau,	Hicks,	Gurney,	&	Cinner,	2018)	and	the	use	of	services	
for	 management	 prioritization	 (Pittman,	 Poti,	 Jeffrey,	 Kracker,	 &	
Mabrouk,	2018).	Drawing	on	the	advances	of	wider	ecosystem	ser-
vices	science	could	help	identify	gaps	and	future	research	opportu-
nities.	Moreover,	as	future	reef	community	assemblages	are	unlikely	
to	 be	 the	 same	 as	 those	 seen	 in	 recent	 times	 (Graham,	 Cinner,	
Norstrom,	 &	 Nystrom,	 2014),	 the	 relationships	 between	 ecosys-
tem	structures,	functions	and	services	will	likely	change,	requiring	a	
more	mechanistic	understanding	of	these	processes,	and	likely	more	
anticipative	management	(Rogers	et	al.,	2015).
3  | A MECHANISTIC APPROACH TO 
SERVICE PROVISION
Trait‐based	 approaches	 are	 increasingly	 used	 to	 understand	 the	
mechanistic	 basis	 of	 ecosystem	 service	 provision	 (Harrison	 et	 al.,	
2014).	 Functional	 traits	 are	 broadly	 defined	 as	 measurable	 char-
acteristics	 of	 an	 organism	 that	 contribute	 to	 ecosystem	 function-
ing	 (McGill,	 Enquist,	Weiher,	 &	Westoby,	 2006).	 The	 presence	 or	
absence	of	different	traits	can	determine	differential	 responses	to	
disturbances	(Haddad	et	al.,	2008).	For	example,	the	shape	and	size	
of	corals	determine	their	risk	of	dislodgement	during	storms	(Madin	
&	Connolly,	2006).	Where	there	is	overlap	between	traits	that	con-
tribute	to	specific	functions	and	traits	that	respond	to	disturbances,	
it	 is	 possible	 to	map	 out	 relationships	 between	 drivers	 of	 change	
and	 ecosystem	 functions	 (Suding	 et	 al.,	 2008).	 This	 has	 recently	
been	extended	to	include	relationships	between	disturbances,	func-
tions	and	services	 (Hevia	et	al.,	2017).	However,	 few	studies	have	
explicitly	connected	this	to	coral	reef	services	and	a	more	system-
atic	approach	to	trait	identification	is	needed	for	this	to	be	achieved	
(Carturan,	Parrott,	&	Pither,	2018).	We	propose	that	expanding	this	
mechanistic	 approach	 to	 reflect	 the	 co‐production	 of	 ecosystem	
services	could	provide	a	useful	tool	to	understand	the	impact	of	on-
going	and	future	disturbances	to	reef	ecosystem	services.
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If	 services	are	co‐produced	between	ecological	and	social	 sys-
tems,	 then	 the	 ecological	 units	 that	 underpin	 services,	 known	 as	
service	providers,	should	be	defined	in	relation	to	the	needs,	wants	
and	aspirations	of	beneficiaries	 (Luck	et	al.,	2009).	 Identifying	ser-
vice	 providers	 as	 distinct	 from	 wider	 ecosystem	 functioning	 res-
onates	with	 previous	 findings	 that	 proxies	 of	 ecological	 condition	
and	proxies	of	ecosystem	service	provision	from	reefs	do	not	always	
overlap	(Mumby	et	al.,	2008).	Specific	characteristics	 (i.e.	traits)	of	
service	 providers	 determine	 the	 relationships	 between	 providers	
and	the	services	that	they	underpin.	Importantly,	service	providers	
could	be	a	population	of	a	species,	multispecies	groups,	functional	
groups,	 communities	and	habitats	 (Luck	et	 al.,	 2009).	Moreover,	 if	
services	 are	 born	out	 of	 interactions	within	 coral	 reef	 social–eco-
logical	 systems	 (Reyers	 et	 al.,	 2013),	 it	 follows	 that	 the	 traits	 of	
service	providers	can	also	be	defined	based	on	societal	needs	and	
preferences	(Goodness,	Andersson,	Anderson,	&	Elmqvist,	2016).	A	
working	example	of	this	comes	from	Seychelles	where	underwater	
visual	census	of	fish	biomass	indicates	that	an	increase	in	herbivores	
is	sustaining	fisheries	yield	two	decades	after	a	mass	coral	bleach-
ing	event.	Fishery	data	however	indicate	that	although	catches	were	
maintained,	 they	 became	 more	 spatially	 and	 temporally	 variable	
linked	to	habitat	associations	when	resources	are	patchy	(Robinson	
et	al.,	2019).	This	potentially	exposes	fishers	and	markets	to	greater	
uncertainty.	By	acknowledging	 the	 traits	of	 service	providers	 that	
are	relevant	to	service	beneficiaries	(here	the	identity,	biomass	and	
predictability	of	the	reef	fish	assemblage;	Rogers,	2019),	a	more	ho-
listic	 understanding	 of	 how	 disturbance	 impacts	 services	 may	 be	
captured.
Trait‐based	approaches	have	been	growing	in	popularity	in	func-
tional	ecology	research	as	acquiring	high	resolution	data	on	species’	
functional	 roles	 remains	 challenging	 (Bellwood,	 Streit,	 Brandl,	 &	
Tebbett,	2019).	Similarly	therefore,	methods	that	adopt	a	trait‐based	
approach	 can	 be	 applied	 to	 develop	 a	mechanistic	 understanding	
of	the	links	between	disturbances	and	service	provision.	For	exam-
ple,	 tools	 such	as	a	multivariate	 functional	 space	could	be	applied	
to	 understand	 the	 mechanisms	 through	 which	 disturbances	 act	
on	ecosystem	services.	A	functional	space	is	defined	as	“a	multidi-
mensional	 space,	where	 the	axes	are	 functional	 traits	along	which	
species	are	placed	according	to	their	functional	trait	values”	(p.167,	
Mouillot,	Graham,	Villeger,	Mason,	&	Bellwood,	2013).	A	similar	mul-
tidimensional	 space,	where	 the	 axes	 are	 the	 traits	 of	 service	 pro-
viders	along	which	ecosystem	services	are	placed,	could	be	used	to	
map	the	response	of	services	to	disturbances	(Figure	1).	Axes	may	
also	 represent	 synthetic	 traits	 that	 through	 ordination	 techniques	
summarize	the	relative	contribution	of	multiple	traits	that	underpin	
service	provision.
In	 identifying	 traits	of	service	providers	 that	are	socially	and	
ecologically	significant,	 it	may	be	possible	 to	determine	relevant	
thresholds	 below	which	 a	 reef's	 potential	 to	 provide	 services	 is	
lost	(Figure	1).	For	example,	Shideler	and	Pierce	(2016)	found	that	
divers	who	visited	Florida	during	Epinephelus itajara	 (Atlantic	go-
liath	 grouper)	 spawning	 season	 had	 a	 strong	 preference	 for	 go-
liath	grouper	sightings	and	 that	abundance	had	a	positive	effect	
on	 divers’	 willingness	 to	 pay	 to	 see	 them.	 Goliath	 groupers	 are	
a	 protected	 species	 in	 Florida,	 and	 the	 value	 of	 goliath	 grouper	
to	 dive	 tourism	 operators	 is	 likely	 to	 diminish	 if	 goliath	 grouper	
numbers	decrease	(Shideler	&	Pierce,	2016).	The	threshold	value	
below	which	 this	 ecosystem	service	 is	no	 longer	provided	 is	 set	
by	 the	 expectations	 of	 the	 tourists.	 A	 service	 could	 therefore	
be	 lost	from	an	ecosystem	even	 if	 the	service	provider,	here	the	
local	population	of	goliath	groupers,	persists.	Of	course,	popula-
tion	 abundance	 is	 also	 important	 in	 the	 functional	 role	 of	many	
species	but	defining	thresholds	that	reflect	the	co‐production	of	
ecosystem	services	can	highlight	when	a	service	may	be	affected	
by	a	disturbance,	before	or	after	other	tangible	shifts	in	ecosystem	
functioning.
Service	 providers	 can	 also	 encompass	 a	 wide	 range	 of	 eco-
logical	groups.	For	example,	different	taxonomic	groups	and	pro-
cesses	are	responsible	for	sand	generation	from	reefs	(Perry	et	al.,	
2015).	The	loss	therefore	of	one	calcifying	species	or	even	family	
may	have	 little	effect	on	 the	overall	provisioning	of	 this	 service.	
Defining	a	threshold	at	which	disturbances	affect	the	capacity	of	
reefs	to	generate	sand	is	therefore	challenging.	In	cases	like	this,	
certain	services	may	continue	 to	be	underpinned	by	even	highly	
disturbed	 or	 degraded	 reefs,	 particularly	 when	 considering	 that	
alternate	 benthic	 states	 also	 support	 relevant	 service	 providers	
(Fulton	et	 al.,	2019).	These	examples	 illustrate	 that	 relationships	
between	ecological	change	and	services	are	highly	nonlinear	(Daw	
et	al.,	2016),	which	is	significant	when	anticipating	future	changes	
in	 services	 and	 peoples’	 response.	 An	 example	 at	 the	 local	 reef	
scale	might	include	fish	feeding,	used	to	enhance	tourism	services,	
but	which	can	result	in	changes	in	fish	behaviour	and	distribution	
(De	 Paula,	 Schiavetti,	 Sampaio,	 &	 Calderon,	 2018).	 However,	 it	
is	 increasingly	 important	 that	changes	 in	ecosystem	services	are	
considered	within	an	 inter‐connected	planet,	 as	 changes	 in	 local	
service	 provision	may	 result	 in	 an	 increased	 reliance	 on	 service	
providers	 elsewhere,	 with	 the	 potential	 for	 knock‐on	 effects	
(Pascual	et	al.,	2017).	For	instance,	demand	for	Holothuria sp.	(sea	
cucumbers),	largely	driven	by	Asian	luxury	seafood	markets,	leads	
to	dramatic	changes	in	fisheries	in	Mexico	with	the	arrival	of	new	
fishers,	 new	 livelihood	 opportunities,	 and	 changes	 in	 resource	
use	and	institutional	power	dynamics	(Kaplan‐Hallam,	Bennett,	&	
Satterfield,	2017).
Gathering	 evidence	 for	 traits	 that	 are	 socially	 and	 ecologically	
relevant	 to	 service	 provision	will	 require	 a	 broad	 transdisciplinary	
approach.	Returning	to	the	goliath	grouper	example	in	Florida,	divers	
have	a	predominantly	positive	interaction	with	this	species	whereas	
recreational	 fishers	 may	 have	 negative	 perceptions	 that	 groupers	
are	over‐predating	other	reef	species	(Shideler	&	Pierce,	2016).	The	
relationships	 between	 goliath	 grouper	 abundance	 and	 the	 provi-
sioning	of	two	recreational	services	could	therefore	be	very	differ-
ent.	 Moreover,	 ecosystem	 services	 are	 highly	 context	 dependent	
(Andersson	et	al.,	2015).	Looking	at	the	social–ecological	context	in	
which	services	are	co‐produced	can	help	identify	socially	and	eco-
logically	relevant	traits	of	service	providers	(Table	2).	Lastly,	it	is	un-
derstood	 that	 the	 traits	of	 service	providers	may	be	connected	 in	
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multiple	ways	to	multiple	services	(Hevia	et	al.,	2017),	and	that	there	
are	 important	 interactions	 to	consider	between	services	 (Bennett,	
Peterson,	&	Gordon,	2009).	Most	ecosystem	service	studies	focus	
on	one	or	two	services,	but	a	mechanistic	understanding	of	multiser-
vice	provision	will	be	important	for	monitoring	and	managing	future	
changes	(De	Groot,	Jax,	&	Harrison,	2016).
4  | NOVEL ECOSYSTEM SERVICES
Questions	remain	as	to	whether	reefs	are	able	to	sustain	current	
ecosystem	services	into	the	future	(particularly	under	high	degra-
dation;	Table	2).	However,	as	environment	and	society	continue	to	
change	in	the	Anthropocene,	novel	ecosystem	services	may	emerge	
from	coral	reef	social–ecological	systems.	We	propose	that	novel	
ecosystem	services	from	coral	reefs	could	originate	from	changes	
in	social	and	ecological	systems,	as	well	as	from	changes	in	the	in-
teractions	from	which	services	are	drawn.	Novelty	could	therefore	
occur	at	different	points	in	the	co‐production	of	services.
Changes	 in	 the	underlying	 ecology	of	 reefs	will	 likely	 result	 in	
new	or	different	configurations	of	 service	providers.	For	example,	
the	tropicalization	of	temperate	areas	is	occurring	in	many	locations,	
where	corals	and	tropical	fishes	are	establishing	populations	at	the	
expense	of	temperate	rocky	reef	organisms	(Vergés	et	al.,	2019).	This	
could	 lead	to	the	presence	of	novel	service	provider	combinations	
that	may	change	the	services	drawn	from	an	area.	In	Japan,	where	
F I G U R E  1  Visualizing	changes	in	the	capacity	of	coral	reefs	to	underpin	three	ecosystem	services:	(a)	to	(f)	are	multidimensional	spaces	
with	axes	representative	of	biomass	and	species	richness	(traits)	of	the	reef	fish	community	(service	provider)	that	are	significant	in	the	
provisioning	of	three	ecosystem	services	from	coral	reefs:	underwater	tourism,	an	aquarium	fishery	and	a	multispecies	food	fishery.	Panels	
(a)	to	(c)	indicate	the	area	above	which	trait	values	are	sufficient	to	underpin	the	three	ecosystem	services.	These	areas	could	be	determined	
by	the	ecology	(e.g.	number	of	fish	available	to	a	fishery)	or	society	(e.g.	levels	of	fish	species	richness	and	abundance	that	result	in	
aesthetically	pleasing	reefs	for	dive	tourism);	(d)	indicates	the	potential	of	three	different	coral	reefs	to	underpin	services:	 represents	a	site	
with	the	potential	to	underpin	a	multispecies	food	fishery	and	underwater	tourism.	 	could	underpin	underwater	tourism	services,	and	●	has	
the	potential	to	underpin	all	three	ecosystem	services;	(e)	and	(f)	outline	the	possible	effects	of	disturbances	on	traits	underpinning	service	
provision	and	the	capacity	of	the	reef	sites	to	provide	services.	In	(e),	fishing	pressure	at	all	three	sites	has	a	negative	effect	on	biomass	
and	under	this	scenario	 	is	unable	to	support	underwater	tourism	services.	In	(f),	bleaching	at	all	three	sites	has	a	negative	effect	on	
species	richness.	Under	this	scenario,	the	potential	for	●	to	underpin	an	aquarium	fishery	is	lost.	The	use	of	multivariate	spaces	to	visualize	
ecosystem	service	potential	from	reefs	can	show	when	reefs	may	be	close	to	losing	or	gaining	the	ability	to	underpin	different	services
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hard	corals	are	encroaching	on	temperate	reefs	at	a	rate	of	14	km	a	
year,	Nakamura,	Feary,	Kanda,	 and	Yamaoka	 (2013)	 suggest	 tropi-
calization	may	benefit	 local	dive	tourism	and	fisheries	productivity	
(Figure	 2).	Of	 course,	 species	 incursions	 into	 temperate	 areas	will	
alter	 ecosystem	 functioning	 of	 temperate	 habitats	 and	 potentially	
the	pre‐existing	services	they	generated	(Vergés	et	al.,	2019).
TA B L E  2   Identifying	traits	of	service	providers	and	possible	outcomes	for	coral	reef	ecosystem	services	in	the	Anthropocene.	Identifying	
traits	of	service	providers	that	are	relevant	to	the	social–ecological	context	in	which	services	are	co‐produced	can	provide	a	more	nuanced	
mechanistic	understanding	of	how	coral	reef	ecosystem	services	respond	to	disturbances.	Examples	provided	on	changes	in	coral	reef	
ecosystem	services	are	based	on	moderate	(with	some	patches	live	coral	cover	intact)	and	severe	levels	of	reef	degradation	(no	remaining	
live	coral	cover)
Ecosystem service 
(MEA category)
Examples of traits likely to 
underpin service provision
Importance of social–ecological 
context Ecosystem service changes in the Anthropocene
Fishery	
(Provisioning)
Species	composition	and	
suitability	of	gear	(Hicks	
&	McClanahan,	2012) 
Biomass	and	accessibility	
of	target	species	
(Robinson	et	al.,	2019) 
Nutritional	value	of	
locally	available	species	
(Golden	et	al.,	2016)
Specific	traits	will	be	highly	dependent	
on	local	diversity,	the	capacity	of	local	
fisheries	and	the	needs	and	choices	of	
consumers.	For	example,	the	effect	of	
changes	in	fish	aggregating	behaviour	
will	in	part	be	determined	by	fishers’	
access	to	appropriate	gear	and	
knowledge	that	enable	them	to	
continue	fishing.	Populations’	needs	
and	preferences	will	also	determine	
the	substitutability	of	different	
species	in	the	fishery.
Reefs	with	moderate	degradation	in	a	matrix	of	
reef	habitats	may	continue	to	contribute	to	food	
security	and	local	livelihoods	(Robinson	et	al.,	
2019).	Other	sources	of	food	and	employment	will	
be	needed	to	meet	the	shortfall	(Bell	et	al.,	2013). 
Reefs	that	cannot	support	reef‐associated	species	
will	be	unable	to	sustain	fisheries	with	health	
implications,	including	the	loss	of	a	vital	source	of	
micro‐nutrients	(Golden	et	al.,	2016),	and	
socio‐economic	consequences	from	the	loss	of	
livelihoods	and	associated	knowledge.
Coastal	protection	
(Regulating)
Structural	complexity	
(Graham	&	Nash,	2013) 
Carbonate	budgets	
(Januchowski‐Hartley,	
Graham,	Wilson,	
Jennings,	&	Perry,	2017) 
Reef	height	and	depth	
(Ferrario	et	al.,	2014) 
Socio‐cultural	importance	
of	coastal	areas	(Hicks	et	
al.,	2014)
Coastal	protection	services	from	reefs	
are	determined	by	the	abiotic	(e.g.	
wave	height	and	geomorphic	setting),	
biotic	(e.g.	reef	growth	rate	and	
resulting	structure),	and	socio‐cultural	
context	in	which	coastal	areas	are	
used.	Importance	of	coastal	areas	can	
be	ascribed	in	terms	of	population	
density	or	built	assets,	or	in	relation	to	
the	activities	that	take	place	there.	For	
example,	many	beaches	are	used	as	
places	to	clean	fish	and	socialize.
Reefs	with	moderate	degradation	may	continue	to	
provide	some	protection	to	coastal	areas,	though	
there	may	be	changes	in	shoreline	positioning.	
Reefs	could	be	used	to	inspire	coastal	protection	
solutions	that	help	address	issues	of	reef	
degradation	and	coastal	protection	(Reguero	et	
al.,	2018). 
A	combination	of	severe	weather	events,	sea	level	
rise	and	reef	degradation	may	result	in	reefs	being	
unable	to	protect	current	shoreline	configura-
tions.	Atolls	may	become	un‐inhabitable	(Storlazzi	
et	al.,	2018),	and	there	may	be	tensions	in	
re‐locating	people	and	activities	from	the	coast	
further	in	land.
Underwater	
recreation	
(Cultural)
Fish	abundance,	coral	
condition	and	reef	colour	
(Uyarra,	Watkinson,	&	
Cote,	2009) 
Accessibility	of	reef	sites	
(Yee,	Dittmar,	&	Oliver,	
2014) 
Presence	and/or	
abundance	of	charismatic	
species	(Giglio,	Luiz,	&	
Schiavetti,	2015)
There	is	large	variation	in	the	prefer-
ences	and	expectations	of	underwater	
tourists.	Although	certain	general	
rules	may	apply	(e.g.	accessibility),	the	
preferences	of	dive	operators	and	
tourists	will	determine	the	importance	
of	different	traits.	For	instance,	less	
experienced	divers	tend	to	prefer	
charismatic	species,	whilst	more	
experienced	divers	tend	to	prefer	
cryptic	species.
Reefs	with	moderate	degradation	that	retain	some	
fish	biomass	may	remain	aesthetically	pleasing	
(Uyarra	et	al.,	2009),	though	some	species	specific	
tourism	may	decline.	Reefs	that	are	in	relatively	
better	condition	may	attract	dive	tourism	because	
of	their	rarity. 
Reefs	with	high	degradation	may	sustain	low	
levels	of	tourism	from	inexperienced	divers	more	
interested	in	the	excitement	and	experience	of	
diving	(Lucrezi,	Saayman,	&	Merwe,	2013).	
Declines	in	water	quality	and	sand	production	
may	affect	beach	aesthetics	and	other	water‐
based	activities.
Habitat	
(Supporting)
Species	richness	(Duffy,	
2019) 
Structural	complexity	
(Graham	&	Nash,	2013)
Different	reef	regimes	are	character-
ized	by	a	variety	of	species	assem-
blages	and	processes	that	co‐exist	at	
scales	relevant	for	service	provision.	
Identifying	which	reef	regimes	occur	
within	a	study	area	can	help	identify	
traits	of	service	providers	that	reflect	
the	natural	variability	of	reef	
communities,	that	services	come	from	
a	matrix	of	habitats,	and	that	many	
reefs	are	already	transitioning	away	
from	a	dominance	of	hard	coral	cover.
Coral	reefs	with	moderate	degradation	may	be	able	
to	sustain	some	habitat.	Different	reef	states	
support	different	species	and	processes.	Specific	
adaptations	(e.g.	through	behavioural	plasticity)	
may	also	mitigate	the	effects	of	habitat	loss	
(Karkarey,	Alcoverro,	Kumar,	&	Arthur,	2017). 
Reefs	with	no	live	coral	cover	and	no	structural	
complexity	are	unlikely	to	be	able	to	provide	
habitat	for	reef‐associated	species.	Herbivorous	
species	may	benefit	from	increases	in	algal	
growth	but	will	be	negatively	affected	if	algal	
stands	are	too	dense	(Hoey	&	Bellwood,	2011).
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Reefs	 underpin	 services	 within	 a	 matrix	 of	 habitats	 (Guannel,	
Arkema,	 Ruggiero,	 &	 Verutes,	 2016),	 which	 are	 also	 under	 pres-
sure	 from	 climate	 change	 and	 local	 human	 activities	 (Unsworth,	
McKenzie,	Nordlund,	&	Cullen‐Unsworth,	2018).	In	addition,	anthro-
pogenic	structural	alterations	are	increasingly	present	in	nearshore	
environments	through	artificial	reefs,	land	reclamation,	aquaculture	
and	coastal	defences.	Dominance	by	altered	benthic	habitats	may	
sustain	services	traditionally	associated	with	hard	coral‐dominated	
reefs.	For	instance,	naturally	occurring	areas	of	tropical	macroalgae	
can	support	a	diversity	of	fish	and	other	organisms,	including	some	
of	 important	 fishery	value	 (Fulton	et	al.,	2019).	Macroalgae	on	 re-
gime‐shifted	 reefs	 can	 also	 support	herbivores,	which	 can	 sustain	
substantial	 fishery	yields	 (Robinson	et	al.,	2019;	Figure	2).	Further	
work	is	needed	to	understand	the	longevity	of	interactions	that	pro-
duce	 services	 on	 altered	 reefs	 (Rogers	 et	 al.,	 2018)	 and	 to	 under-
stand	what	services	could	occur	from	structurally	and	functionally	
different	reefs	interacting	with	modified	nearshore	environments.
Novelty	 could	 also	emerge	 from	circumstances	 that	mediate	 the	
interactions	between	reefs	and	people.	In	the	western	Indian	Ocean,	
there	is	evidence	to	suggest	that	rights,	knowledge,	economic,	and	so-
cial	and	institutional	processes	combine	in	locally	specific	ways	to	de-
termine	the	bundles	of	services	that	people	perceive	(Hicks	&	Cinner,	
2014).	Changes	in	any	of	these	processes	could	therefore	result	in	al-
tered	relationships	in	the	co‐production	of	services.	Technological	in-
novation	has	arguably	changed	how	people	perceive	reefs,	for	example	
the	use	of	underwater	photography	to	document	the	world's	reefs	in	
360o,	making	 it	possible	for	people	to	experience	reef	environments	
virtually	 (XL	Catlin	Seaview	Survey,	2015)	 (Figure	2).	These	 changes	
can	connect	reefs	to	much	broader	audiences,	who	are	not	traditionally	
considered	as	benefitting	from	reef	ecosystems	(Gurney	et	al.,	2017).
Finally,	 novelty	 could	 come	 from	 changes	 in	 the	 well‐being	
of	 people	 who	 benefit	 from	 reef	 ecosystems.	 Ecosystems	 and	
well‐being	 are	 both	 multidimensional,	 and	 there	 is	 the	 possibil-
ity	 for	mismatches	between	ecological	 and	well‐being	outcomes	
(Abunge,	 Coulthard,	 &	 Daw,	 2013).	 Though	 connected	 through	
ecosystem	 services,	 human	well‐being	 and	 the	 environment	 are	
both	influenced	by	a	range	of	processes	external	to	that	relation-
ship.	Independent	of	reef	condition	therefore,	changes	in	the	cir-
cumstances	of	individuals	can	result	in	a	change	in	the	interactions	
from	which	services	are	born.	For	example,	the	importance	of	fish	
as	a	provisioning	service	may	decline	when	other	income	generat-
ing	activities	increase	(Turner	et	al.,	2007).	This	does	not	mean	that	
other	services,	 like	cultural	services,	attached	to	fish	and	fishing	
are	 not	maintained,	 but	 the	 interactions	 through	which	 services	
occur	may	shift,	with	implications	for	how	people	engage	and	po-
tentially	shape	their	environment	(Turner	et	al.,	2007)	(Figure	2).
5  | CONCLUSIONS
Research	 approaches	 that	 can	 incorporate	 the	 social–eco-
logical	 dynamics	 of	 reefs	 are	 increasingly	 seen	 as	 essential	 for	
F I G U R E  2   	Novel	ecosystem	services	from	coral	reefs.	(a)	Tourist	diving	on	a	tropicalized	reef	off	Kochi,	Japan.	Tropicalised	reefs	provide	
a	growing	number	of	opportunities	for	tourism	and	education	with	local	children	(Y.	Nakamura,	personal communications.);	(b)	A	packet	of	
Siganus sutor,	Praslin,	Seychelles.	Siganids	are	herbivorous	and	can	sustain	fishery	yields	on	regime‐shifted	reefs	(Robinson	et	al.,	2019);	(c)	
XL	Catlin	Seaview	SVII	camera	and	diver,	the	Coral	Sea.	This	camera	captures	360°	panoramas	of	reefs	allowing	anyone	to	self‐navigate	on	a	
virtual	dive	(XL	Catlin	Seaview	Survey,	2015);	(d)	Tanoa	bowls	from	Kabara,	Southern	Lau,	Fiji.	Tanoa	bowl	carving	brings	in	a	relatively	high	
income	in	Kabara,	which	may	decrease	dependency	on	marine	resources	(Turner	et	al.,	2007).	(Photographs:	(a)	Takuma	Mezaki;	(b)	and	(d)	
Nick	Graham;	(c)	The	Ocean	Agency/XL	Caitlin	Seaview	Survey)
(c) (d)
(b)(a)
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understanding	 reef	 futures	 in	 the	Anthropocene	 (Williams	et	al.,	
2019).	However,	explicitly	engaging	with	the	reciprocal	nature	of	
coral	reef	ecosystem	services	remains	a	challenge	(Bennett	et	al.,	
2015).	 To	 address	 this,	 we	 draw	 on	 conceptual	 advances	 in	 the	
field	 of	 ecosystem	 services	 research	 and	 tools	 from	 functional	
ecology	 to	 propose	 an	 approach	 that	 recognizes	 the	 co‐produc-
tion	of	 services	 from	 interactions	between	 social	 and	ecological	
systems.	 Using	 this	 framework,	 we	 can	 begin	 to	 identify	 traits	
that	 are	 socially	 and	 ecologically	 relevant	 for	 service	 provision	
(Table	2),	 and	 to	 connect	 these	 traits	 to	disturbances	 (Figure	1).	
Reflecting	more	broadly	on	the	co‐production	of	services	 incen-
tivizes	 the	 need	 to	 also	 consider	whether	 novelty	 in	 ecosystem	
services	could	occur	(Figure	2).
It	is	unlikely	that	coral	reef	ecosystem	services	in	the	future	will	
be	the	same	as	they	are	now	(Table	2).	Evidence	suggests	for	exam-
ple	 that	coral	 reef	 fisheries	 in	 some	 tropical	Pacific	countries	will	
be	unable	to	meet	 local	nutritional	needs	 in	 the	 long	term	due	to	
climate	change,	but	in	the	short	term	due	to	the	demand	from	grow-
ing	human	populations	(Bell	et	al.,	2013).	Further	work	is	needed	to	
identify	possible	causal	relationships	between	traits	and	perceived	
ecosystem	services	 (Bellwood	et	 al.,	 2019;	Carturan	et	 al.,	 2018),	
and	 these	 relationships	 are	highly	 likely	 to	be	context	dependent	
(Andersson	et	al.,	2015).	Filling	these	knowledge	gaps	will	be	useful	
for	predicting	changes	in	the	mechanistic	basis	of	services,	but	will	
not	give	an	indication	of	who	is	accessing	services.	Understanding	
the	implications	of	changing	and	novel	ecosystem	services	should	
therefore	be	 incorporated	 into	wider	 research	on	who	 is	perceiv-
ing	 these	 services	 (Fortnam	 et	 al.,	 2019),	whilst	 cognizant	 of	 the	
fact	 that	 the	 relationships	 between	 people	 and	 the	 environment	
can	 change	 independent	 of	 reef	 condition	 (Turner	 et	 al.,	 2007).	
Nonetheless,	 embracing	 a	 broader	 understanding	 coral	 reef	 eco-
system	 services	 and	 a	 research	 agenda	 that	 links	 reef	 functional	
ecology	to	ecosystem	service	provision	will	be	an	important	step	in	
anticipating	the	challenges	faced	by	people	and	reefs	in	the	future.
ACKNOWLEDG EMENTS
This	 research	was	funded	through	a	Doctoral	Training	Programme	
grant	 from	 NERC	 ENVISION	 (grant	 number:	 NE/L002604/1)	 and	
supported	through	a	core	grant	to	the	Stockholm	Resilience	Centre	
by	Mistra.	 Thanks	 to	 colleagues	 at	 Lancaster	 Environment	Centre	
(Lancaster	 University),	 the	 School	 of	 Ocean	 Sciences	 (Bangor	
University)	 and	 the	 Stockholm	 Resilience	 Centre	 (Stockholm	
University)	for	helpful	discussions	on	this	work.	The	manuscript	was	
improved	through	constructive	feedback	from	two	anonymous	re-
viewers	and	Professor	Charles	Fox.
AUTHORS’  CONTRIBUTIONS
All	authors	contributed	equally	to	the	conception	and	development	
of	ideas.	A.J.W.	led	the	writing	of	the	manuscript.	All	authors	con-
tributed	 critically	 to	 the	 drafts	 and	 editing	 of	 the	manuscript	 and	
gave	final	approval	for	publication.
DATA ACCE SSIBILIT Y
This	article	does	not	contain	data.
ORCID
Anna J. Woodhead  https://orcid.org/0000‐0002‐4535‐8482 
Christina C. Hicks  https://orcid.org/0000‐0002‐7399‐4603 
Albert V. Norström  https://orcid.org/0000‐0002‐0706‐9233 
Gareth J. Williams  https://orcid.org/0000‐0001‐7837‐1619 
Nicholas A. J. Graham  https://orcid.org/0000‐0002‐0304‐7467 
R E FE R E N C E S
Abunge,	C.,	Coulthard,	S.,	&	Daw,	T.	M.	(2013).	Connecting	marine	eco-
system	 services	 to	 human	 well‐being:	 Insights	 from	 participatory	
well‐being	assessment	 in	Kenya.	Ambio,	42(8),	1010–1021.	https://
doi.org/10.1007/s13280‐013‐0456‐9
Albert,	 J.	 A.,	 Olds,	 A.	 D.,	 Albert,	 S.,	 Cruz‐Trinidad,	 A.,	 &	 Schwarz,	
A.‐M.	 (2015).	 Reaping	 the	 reef:	 Provisioning	 services	 from	 coral	
reefs	 in	 Solomon	 Islands.	 Marine Policy,	 62,	 244–251.	 https://doi.
org/10.1016/j.marpol.2015.09.023
Alvarez‐Filip,	L.,	Carricart‐Ganivet,	J.	P.,	Horta‐Puga,	G.,	&	Iglesias‐Prieto,	
R.	(2013).	Shifts	in	coral‐assemblage	composition	do	not	ensure	per-
sistence	of	reef	functionality.	Scientific Reports,	3,	3486.	https://doi.
org/10.1038/srep03486
Andersson,	E.,	McPhearson,	T.,	Kremer,	P.,	Gomez‐Baggethun,	E.,	Haase,	
D.,	 Tuvendal,	M.,	 &	Wurster,	 D.	 (2015).	 Scale	 and	 context	 depen-
dence	of	ecosystem	service	providing	units.	Ecosystem Services,	12,	
157–164.	https://doi.org/10.1016/j.ecoser.2014.08.001
Archer,	S.	K.,	Stevens,	J.	L.,	Rossi,	R.	E.,	Matterson,	K.	O.,	&	Layman,	C.	A.	
(2017).	Abiotic	conditions	drive	significant	variability	in	nutrient	pro-
cessing	by	a	common	Caribbean	sponge.	Ircinia Felix. Limnology and 
Oceanography,	62(4),	1783–1793.	https://doi.org/10.1002/lno.10533
Ban,	S.	S.,	Graham,	N.	A.,	&	Connolly,	S.	R.	 (2014).	Evidence	for	multi-
ple	 stressor	 interactions	 and	 effects	 on	 coral	 reefs.	Global Change 
Biology,	20(3),	681–697.	https://doi.org/10.1111/gcb.12453
Beck,	M.	W.,	Losada,	 I.	J.,	Menendez,	P.,	Reguero,	B.	G.,	Díaz‐Simal,	P.,	
&	 Fernandez,	 F.	 (2018).	 The	 global	 flood	 protection	 savings	 pro-
vided	by	coral	reefs.	Nature Communications,	9(1),	2186.	https://doi.
org/10.1038/s41467‐018‐04568‐z
Bell,	 J.	D.,	Ganachaud,	A.,	Gehrke,	P.	C.,	Griffiths,	 S.	 P.,	Hobday,	A.	 J.,	
Hoegh‐Guldberg,	 O.,	 …	 Waycott,	 M.	 (2013).	 Mixed	 responses	
of	 tropical	 Pacific	 fisheries	 and	 aquaculture	 to	 climate	 change.	
Nature Climate Change,	 3(6),	 591–599.	 https://doi.org/10.1038/
nclimate1838
Bellwood,	D.	R.,	Streit,	R.	P.,	Brandl,	S.	 J.,	&	Tebbett,	S.	B.	 (2019).	The	
meaning	of	the	term	‘function’	in	ecology:	A	coral	reef	perspective.	
Functional Ecology,	33,	948–961.	https://doi.org/10.1111/1365‐2435. 
13265
Bennett,	E.	M.,	Cramer,	W.,	Begossi,	A.,	Cundill,	G.,	Díaz,	S.,	Egoh,	B.	N.,	…	
Woodward,	G.	(2015).	Linking	biodiversity,	ecosystem	services,	and	
human	well‐being:	Three	challenges	for	designing	research	for	sus-
tainability.	Current Opinion in Environmental Sustainability,	14,	76–85.	
https://doi.org/10.1016/j.cosust.2015.03.007
Bennett,	E.	M.,	Peterson,	G.	D.,	&	Gordon,	L.	J.	 (2009).	Understanding	
relationships	among	multiple	ecosystem	services.	Ecology Letters,	12,	
1394–1404.	https://doi.org/10.1111/j.1461‐0248.2009.01387.x
Braat,	L.	C.	(2018).	Five	reasons	why	the	Science	publication	“Assessing	
nature’s	contributions	to	people”	 (Diaz	et	al.	2018)	would	not	have	
1032  |    Functional Ecology WOODHEAD Et Al.
been	accepted	in	Ecosystem	Services.	Ecosystem Services,	30,	A1–A2.	
https://doi.org/10.1016/j.ecoser.2018.02.002
Brander,	 L.	M.,	Van	Beukering,	 P.,	&	Cesar,	H.	 S.	 J.	 (2007).	 The	 recre-
ational	 value	 of	 coral	 reefs:	 A	meta‐analysis.	 Ecological Economics,	
63(1),	209–218.	https://doi.org/10.1016/j.ecolecon.2006.11.002
Caillon,	S.,	Cullman,	G.,	Verschuuren,	B.,	&	Sterling,	E.	J.	(2017).	Moving	be-
yond	the	human–nature	dichotomy	through	biocultural	approaches:	
Including	 ecological	 well‐being	 in	 resilience	 indicator.	 Ecology and 
Society,	22(4),	27–37.	https://doi.org/10.5751/es‐09746‐220427
Carturan,	 B.	 S.,	 Parrott,	 L.,	 &	 Pither,	 J.	 (2018).	 A	modified	 trait‐based	
framework	 for	 assessing	 the	 resilience	 of	 ecosystem	 services	
provided	 by	 coral	 reef	 communities.	 Ecosphere,	 9(5),	 https://doi.
org/10.1002/ecs2.2214
Chan,	 K.	 M.	 A.,	 Guerry,	 A.	 D.,	 Balvanera,	 P.,	 Klain,	 S.,	 Satterfield,	 T.,	
Basurto,	X.,	…	Woodside,	U.	 (2012).	Where	 are	 cultural	 and	 social	
in	ecosystem	services?	A	Framework	for	Constructive	Engagement.	
Bioscience,	62(8),	744–756.	https://doi.org/10.1525/bio.2012.62.8.7
Cinner,	J.	(2014).	Coral	reef	livelihoods.	Current Opinion in Environmental 
Sustainability,	7,	65–71.	https://doi.org/10.1016/j.cosust.2013.11.025
Daw,	T.	M.,	Hicks,	C.	C.,	Brown,	K.,	Chaigneau,	T.,	Januchowski‐Hartley,	
F.	 A.,	 Cheung,	W.	W.	 L.,	 …	McClanahan,	 T.	 R.	 (2016).	 Elasticity	 in	
ecosystem	 services:	 Exploring	 the	 variable	 relationship	 between	
ecosystems	and	human	well‐being.	Ecology and Society,	21(2),	11–24.	
https://doi.org/10.5751/es‐08173‐210211
De	Goeij,	J.	M.,	van	Oevelen,	D.,	Vermeij,	M.	J.	A.,	Osinga,	R.,	Middelburg,	
J.	J.,	de	Goeij,	A.	F.	P.	M.,	&	Admiraal,	W.	(2013).	Surviving	in	a	marine	
desert:	The	sponge	loop	retains	resources	within	coral	reefs.	Science,	
342(6154),	108–110.	https://doi.org/10.1126/science.1241981
De	Groot,	 R.	 S.,	 Jax,	 K.,	 &	Harrison,	 P.	 A..	 (2016).	 Links	 between	 bio-
diversity	 and	 ecosystem	 services.	 OpenNESS	 Ecosystem	 Services	
Reference	Book.	EC	FP7	Grant	Agreement	no.	308428.	Potschin,	M.	
and	Jax,	K.
De	Paula,	Y.	C.,	Schiavetti,	A.,	Sampaio,	C.	L.	S.,	&	Calderon,	E.	 (2018).	
The	 effects	 of	 fish	 feeding	 by	 visitors	 on	 reef	 fish	 in	 a	 Marine	
Protected	Area	open	to	tourism.	Biota Neotropica,	18(3),	https://doi.
org/10.1590/1676‐0611‐bn‐2017‐0339
Díaz,	 S.,	 Demissew,	 S.,	 Carabias,	 J.,	 Joly,	 C.,	 Lonsdale,	 M.,	 Ash,	 N.,	 …	
Zlatanova,	D.	(2015).	The	IPBES	Conceptual	Framework	—	connect-
ing	nature	and	people.	Current Opinion in Environmental Sustainability,	
14,	1–16.	https://doi.org/10.1016/j.cosust.2014.11.002
Díaz,	 S.,	 Pascual,	 U.,	 Stenseke,	 M.,	 Martín‐López,	 B.,	 Watson,	 R.	 T.,	
Molnár,	Z.,	…	Shirayama,	Y.	(2018).	Assessing	nature's	contributions	
to	people.	Science,	359(6373),	270–272.	https://doi.org/10.1126/sci-
ence.aap8826
Duffy,	J.	E.	(2019).	Reefs	need	richness.	Nature Ecology & Evolution,	3(2),	
149–150.	https://doi.org/10.1038/s41559‐018‐0784‐z
Felipe‐Lucia,	M.	 R.,	Martin‐Lopez,	 B.,	 Lavorel,	 S.,	 Berraquero‐Diaz,	 L.,	
Escalera‐Reyes,	J.,	&	Comin,	F.	A.	(2015).	Ecosystem	services	flows:	
Why	 stakeholders'	 power	 relationships	 matter.	 PLoS One,	 10(7),	
e0132232.	https://doi.org/10.1371/journal.pone.0132232
Ferrario,	F.,	Beck,	M.	W.,	Storlazzi,	C.	D.,	Micheli,	F.,	Shepard,	C.	C.,	&	
Airoldi,	 L.	 (2014).	 The	 effectiveness	 of	 coral	 reefs	 for	 coastal	 haz-
ard	risk	reduction	and	adaptation.	Nature Communications,	5,	3794.	
https://doi.org/10.1038/ncomms4794
Fischer,	A.,	&	Eastwood,	A.	(2016).	Coproduction	of	ecosystem	services	
as	 human–nature	 interactions—An	 analytical	 framework.	 Land Use 
Policy,	52,	41–50.	https://doi.org/10.1016/j.landusepol.2015.12.004
Fisher,	 R.,	O'Leary,	 R.	 A.,	 Low‐Choy,	 S.,	Mengersen,	 K.,	 Knowlton,	N.,	
Brainard,	R.	E.,	&	Caley,	M.	J.	(2015).	Species	richness	on	coral	reefs	
and	the	pursuit	of	convergent	global	estimates.	Current Biology,	25(4),	
500–505.	https://doi.org/10.1016/j.cub.2014.12.022
Fortnam,	M.,	Brown,	K.,	Chaigneau,	T.,	Crona,	B.,	Daw,	T.	m.,	Gonçalves,	
D.,	…	Schulte‐Herbruggen,	B.	 (2019).	The	gendered	nature	of	eco-
system	 services.	 Ecological Economics,	 159,	 312–325.	 https://doi.
org/10.1016/j.ecolecon.2018.12.018
Froehlich,	 H.	 E.,	 Gentry,	 R.	 R.,	 &	 Halpern,	 B.	 S.	 (2017).	 Conservation	
aquaculture:	 Shifting	 the	 narrative	 and	 paradigm	 of	 aquaculture's	
role	in	resource	management.	Biological Conservation,	215,	162–168.	
https://doi.org/10.1016/j.biocon.2017.09.012
Fulton,	C.	 J.,	Abesamis,	R.	A.,	Berkström,	C.,	Depczynski,	M.,	Graham,	
N.	A.	J.,	Holmes,	T.	H.,	…	Wilson,	S.	K.	(2019).	Form	and	function	of	
tropical	macroalgal	reefs	in	the	Anthropocene.	Functional Ecology,	33,	
989–999.	https://doi.org/10.1111/1365‐2435.13282
Giglio,	 V.	 J.,	 Luiz,	 O.	 J.,	 &	 Schiavetti,	 A.	 (2015).	 Marine	 life	 prefer-
ences	and	perceptions	among	 recreational	divers	 in	Brazilian	 coral	
reefs.	 Tourism Management,	 51,	 49–57.	 https://doi.org/10.1016/j.
tourman.2015.04.006
Gillis,	 L.	 G.,	 Bouma,	 T.	 J.,	 Jones,	 C.	 G.,	 van	 Katwijk,	 M.	 M.,	
Nagelkerken,	 I.,	 Jeuken,	 C.,	 …	 Ziegler,	 A.	 D.	 (2014).	 Potential	
for	 landscape‐scale	 positive	 interactions	 among	 tropical	 ma-
rine	ecosystems.	Marine Ecology Progress Series,	503,	289–303.	
https://doi.org/10.3354/meps10716
Golden,	C.	D.,	Allison,	E.	H.,	Cheung,	W.	W.	L.,	Dey,	M.	M.,	Halpern,	B.	
S.,	McCauley,	D.	J.,	…	Myers,	S.	S.	(2016).	Nutrition:	Fall	in	fish	catch	
threatens	 human	 health.	 Nature,	 534(7607),	 317–320.	 https://doi.
org/10.1038/534317a
Goodness,	 J.,	 Andersson,	 E.,	 Anderson,	 P.	 M.	 L.,	 &	 Elmqvist,	 T.	 (2016).	
Exploring	 the	 links	 between	 functional	 traits	 and	 cultural	 ecosys-
tem	 services	 to	 enhance	 urban	 ecosystem	 management.	 Ecological 
Indicators,	70,	597–605.	https://doi.org/10.1016/j.ecolind.2016.02.031
Grafeld,	S.,	Oleson,	K.	L.	L.,	Teneva,	L.,	&	Kittinger,	J.	N.	(2017).	Follow	
that	fish:	Uncovering	the	hidden	blue	economy	in	coral	reef	fisher-
ies.	 PLoS One,	 12(8),	 e0182104.	 https://doi.org/10.1371/journal.
pone.0182104
Graham,	N.	A.	J.,	Cinner,	J.	E.,	Norstrom,	A.	V.,	&	Nystrom,	M.	(2014).	Coral	
reefs	as	novel	ecosystems:	Embracing	new	futures.	Current Opinion 
in Environmental Sustainability,	 7,	 9–14.	 https://doi.org/10.1016/j.
cosust.2013.11.023
Graham,	N.	A.	J.,	&	Nash,	K.	L.	(2013).	The	importance	of	structural	com-
plexity	in	coral	reef	ecosystems.	Coral Reefs,	32(2),	315–326.	https://
doi.org/10.1007/s00338‐012‐0984‐y
Guannel,	G.,	Arkema,	K.,	Ruggiero,	P.,	&	Verutes,	G.	(2016).	The	power	of	
three:	Coral	reefs,	seagrasses	and	mangroves	protect	coastal	regions	
and	increase	their	resilience.	PLoS One,	11(7),	e0158094.	https://doi.
org/10.1371/journal.pone.0158094
Gurney,	G.	G.,	Blythe,	J.,	Adams,	H.,	Adger,	W.	N.,	Curnock,	M.,	Faulkner,	
L.,	…	Marshall,	N.	A.	(2017).	Redefining	community	based	on	place	at-
tachment	in	a	connected	world.	Proceedings of the National Academy 
of Sciences,	 114(38),	 10077–10082.	 https://doi.org/10.1073/
pnas.1712125114
Haddad,	N.	M.,	Holyoak,	M.,	Mata,	T.	M.,	Davies,	K.	F.,	Melbourne,	B.	
A.,	&	Preston,	K.	(2008).	Species'	traits	predict	the	effects	of	distur-
bance	and	productivity	on	diversity.	Ecology Letters,	11(4),	348–356.	
https://doi.org/10.1111/j.1461‐0248.2007.01149.x
Haines‐Young,	 R.,	 &	 Potschin,	M.	 (2010).	 The	 links	 between	 biodiver-
sity,	 ecosystem	 services	 and	 human	 well‐being.	 In	 D.	 G.	 Raffaelli,	
&	 J.	 Fried	 (Eds.),	 Ecosystem ecology: A new synthesis.	 Cambridge:	
Cambridge	University	Press.
Hamann,	M.,	Berry,	K.,	Chaigneau,	T.,	Curry,	T.,	Heilmayr,	R.,	Henriksson,	
P.	J.	G.,	…	Wu,	T.	(2018).	Inequality	and	the	biosphere.	Annual Review 
of Environment and Resources,	43(1),	61–83.	https://doi.org/10.1146/
annurev-environ-102017-025949
Harrison,	 P.	 A.,	 Berry,	 P.	 M.,	 Simpson,	 G.,	 Haslett,	 J.	 R.,	 Blicharska,	
M.,	 Bucur,	 M.,	 …	 Turkelboom,	 F.	 (2014).	 Linkages	 between	 bio-
diversity	 attributes	 and	 ecosystem	 services:	 A	 systematic	 re-
view. Ecosystem Services,	 9,	 191–203.	 https://doi.org/10.1016/j.
ecoser.2014.05.006
Hevia,	V.,	Martin‐Lopez,	B.,	Palomo,	S.,	Garcia‐Llorente,	M.,	de	Bello,	F.,	
&	Gonzalez,	J.	A.	(2017).	Trait‐based	approaches	to	analyze	links	be-
tween	 the	drivers	of	 change	and	ecosystem	services:	 Synthesizing	
     |  1033Functional EcologyWOODHEAD Et Al.
existing	evidence	and	future	challenges.	Ecology and Evolution,	7(3),	
831–844.	https://doi.org/10.1002/ece3.2692
Hicks,	 C.	 C.	 (2011).	 How	 do	 we	 value	 our	 reefs?	 Risks	 and	 tradeoffs	
across	 scales	 in	 “biomass‐based”	 economies.	 Coastal Management,	
39(4),	358–376.	https://doi.org/10.1080/08920753.2011.589219
Hicks,	C.	C.,	&	Cinner,	J.	E.	 (2014).	Social,	 institutional,	and	knowledge	
mechanisms	 mediate	 diverse	 ecosystem	 service	 benefits	 from	
coral	reefs.	Proceedings of the National Academy of Sciences,	111(50),	
17791–17796.	https://doi.org/10.1073/pnas.1413473111
Hicks,	C.	C.,	&	McClanahan,	T.	R.	 (2012).	Assessing	gear	modifications	
needed	to	optimize	yields	in	a	heavily	exploited,	multi‐species,	sea-
grass	 and	 coral	 reef	 fishery.	 PLoS One,	 7(5),	 e36022.	 https://doi.
org/10.1371/journal.pone.0036022
Hicks,	C.	C.,	Stoeckl,	N.,	Cinner,	J.	E.,	&	Robinson,	J.	(2014).	Fishery	bene-
fits	and	stakeholder	priorities	associated	with	a	coral	reef	fishery	and	
their	 implications	 for	 management.	 Environmental Science & Policy,	
44,	258–270.	https://doi.org/10.1016/j.envsci.2014.04.016
Hoey,	A.	S.,	&	Bellwood,	D.	R.	(2011).	Suppression	of	herbivory	by	mac-
roalgal	 density:	 A	 critical	 feedback	 on	 coral	 reefs?	Ecology Letters,	
14(3),	267–273.	https://doi.org/10.1111/j.1461‐0248.2010.01581.x
Hughes,	 T.	 P.,	 Barnes,	M.	 L.,	 Bellwood,	 D.	 R.,	 Cinner,	 J.	 E.,	 Cumming,	
G.	 S.,	 Jackson,	 J.	 B.	 C.,	 …	 Scheffer,	 M.	 (2017).	 Coral	 reefs	 in	 the	
Anthropocene.	Nature,	546(7656),	 82–90.	 https://doi.org/10.1038/
nature22901
Hughes,	T.	P.,	Kerry,	J.	T.,	Baird,	A.	H.,	Connolly,	S.	R.,	Dietzel,	A.,	Eakin,	
C.	M.,	…	Torda,	G.	(2018).	Global	warming	transforms	coral	reef	as-
semblages.	 Nature,	 556(7702),	 492–496.	 https://doi.org/10.1038/
s41586‐018‐0041‐2
Januchowski‐Hartley,	 F.	 A.,	Graham,	N.	A.,	Wilson,	 S.	 K.,	 Jennings,	 S.,	
&	Perry,	C.	T.	 (2017).	Drivers	and	predictions	of	coral	 reef	carbon-
ate	budget	trajectories.	Proceedings of the Royal Society B: Biological 
Sciences,	284(1847),	https://doi.org/10.1098/rspb.2016.2533
Kaplan‐Hallam,	 M.,	 Bennett,	 N.	 J.,	 &	 Satterfield,	 T.	 (2017).	 Catching	
sea	 cucumber	 fever	 in	 coastal	 communities:	 Conceptualizing	 the	
impacts	 of	 shocks	 versus	 trends	 on	 social‐ecological	 systems.	
Global Environmental Change,	 45,	 89–98.	 https://doi.org/10.1016/j.
gloenvcha.2017.05.003
Karkarey,	R.,	Alcoverro,	T.,	Kumar,	S.,	&	Arthur,	R.	 (2017).	Coping	with	
catastrophe:	Foraging	plasticity	 enables	 a	benthic	predator	 to	 sur-
vive	 in	rapidly	degrading	coral	reefs.	Animal Behaviour,	131,	13–22.	
https://doi.org/10.1016/j.anbehav.2017.07.010
Lau,	J.	D.,	Hicks,	C.	C.,	Gurney,	G.	G.,	&	Cinner,	J.	E.	(2018).	Disaggregating	
ecosystem	 service	 values	 and	 priorities	 by	 wealth,	 age,	 and	 edu-
cation.	 Ecosystem Services,	 29,	 91–98.	 https://doi.org/10.1016/j.
ecoser.2017.12.005
Laurans,	Y.,	Pascal,	N.,	Binet,	T.,	Brander,	L.,	Clua,	E.,	David,	G.,	…	Seidl,	
A.	(2013).	Economic	valuation	of	ecosystem	services	from	coral	reefs	
in	 the	 South	 Pacific:	 Taking	 stock	 of	 recent	 experience.	 Journal of 
Environmental Management,	116,	135–144.	https://doi.org/10.1016/j.
jenvman.2012.11.031
Loya,	Y.,	Sakai,	K.,	Yamazato,	K.,	Nakano,	Y.,	Sambali,	H.,	&	van	Woesik,	R.	
(2001).	Coral	bleaching:	The	winners	and	the	losers.	Ecology Letters,	
4(2),	122–131.	https://doi.org/10.1046/j.1461‐0248.2001.00203.x
Luck,	 G.	W.,	 Harrington,	 R.,	 Harrison,	 P.	 A.,	 Kremen,	 C.,	 Berry,	 P.	M.,	
Bugter,	R.,	…	Zobel,	M.	 (2009).	Quantifying	 the	contribution	of	or-
ganisms	 to	 the	 provision	 of	 ecosystem	 services.	 BioScience,	 59(3),	
223–235.	https://doi.org/10.1025/bio.2009.59.3.7
Lucrezi,	S.,	Saayman,	M.,	&	van	der	Merwe,	P.	 (2013).	Managing	diving	
impacts	on	reef	ecosystems:	Analysis	of	putative	influences	of	mo-
tivations,	marine	life	preferences	and	experience	on	divers'	environ-
mental	perceptions.	Ocean & Coastal Management,	76,	52–63.	https://
doi.org/10.1016/j.ocecoaman.2013.02.020
Madin,	J.	S.,	&	Connolly,	S.	R.	(2006).	Ecological	consequences	of	major	
hydrodynamic	disturbances	on	coral	reefs.	Nature,	444(7118),	477–
480.	https://doi.org/10.1038/nature05328
Martín‐López,	 B.,	 Iniesta‐Arandia,	 I.,	 García‐Llorente,	 M.,	 Palomo,	 I.,	
Casado‐Arzuaga,	I.,	Amo,	D.	G.	D.,	…	Montes,	C.	(2012).	Uncovering	
ecosystem	 service	 bundles	 through	 social	 preferences.	 PLoS One,	
7(6),	e38970.	https://doi.org/10.1371/journal.pone.0038970
McGill,	 B.	 J.,	 Enquist,	 B.	 J.,	 Weiher,	 E.,	 &	 Westoby,	 M.	 (2006).	
Rebuilding	 community	 ecology	 from	 functional	 traits.	 Trends in 
Ecology & Evolution,	 21(4),	 178–185.	 https://doi.org/10.1016/j.
tree.2006.02.002
MEA	(2005).	Millenium ecosystem assessment: Ecosystems and human well‐
being ‐ synthesis.	Washington,	DC:	Millenium	Ecosystem	Assessment
Moberg,	 F.,	 &	 Folke,	 C.	 (1999).	 Ecological	 goods	 and	 services	 of	 coral	
reef	 ecosystems.	Ecological Economics,	29(2),	 215–233.	 https://doi.
org/10.1016/S0921‐8009(99)00009‐9
Motuhi,	 S.	 E.,	Mehiri,	M.,	 Payri,	 C.	 E.,	 La	 Barre,	 S.,	 &	 Bach,	 S.	 (2016).	
Marine	 natural	 products	 from	 New	 Caledonia	 ‐	 a	 review.	 Marine 
Drugs,	14(3),	58.	https://doi.org/10.3390/md14030058
Mouillot,	D.,	Graham,	N.	A.,	Villeger,	S.,	Mason,	N.	W.,	&	Bellwood,	D.	R.	
(2013).	A	functional	approach	reveals	community	responses	to	dis-
turbances.	Trends in Ecology & Evolution,	28(3),	167–177.	https://doi.
org/10.1016/j.tree.2012.10.004
Mumby,	 P.	 j.,	 Broad,	 K.,	 Brumbaugh,	 D.	 r.,	 Dahlgren,	 C.	 p.,	 Harborne,	
A.	 r.,	 Hastings,	 A.,	 …	 Sanchirico,	 J.	 n.	 (2008).	 Coral	 reef	 habi-
tats	 as	 surrogates	 of	 species,	 ecological	 functions,	 and	 ecosys-
tem	 services.	 Conservation Biology,	 22(4),	 941–951.	 https://doi.
org/10.1111/j.1523‐1739.2008.00933.x
Nakamura,	Y.,	 Feary,	D.	A.,	Kanda,	M.,	&	Yamaoka,	K.	 (2013).	 Tropical	
fishes	 dominate	 temperate	 reef	 fish	 communities	 within	 western	
Japan.	 PLoS One,	 8(12),	 e81107.	 https://doi.org/10.1371/journal.
pone.0081107
Norström,	A.	V.,	Nyström,	M.,	Lokrantz,	J.,	&	Folke,	C.	(2009).	Alternative	
states	on	coral	reefs:	Beyond	coral–macroalgal	phase	shifts.	Marine 
Ecology Progress Series,	 376,	 295–306.	 https://doi.org/10.3354/
meps07815
Ortiz,	D.	M.,	&	Tissot,	B.	N.	 (2012).	Evaluating	ontogenetic	patterns	of	
habitat	 use	 by	 reef	 fish	 in	 relation	 to	 the	 effectiveness	 of	marine	
protected	 areas	 in	 West	 Hawaii.	 Journal of Experimental Marine 
Biology and Ecology,	 432–433,	 83–93.	 https://doi.org/10.1016/j.
jembe.2012.06.005
Pascual,	 U.,	 Palomo,	 I.,	 Adams,	 W.	 M.,	 Chan,	 K.	 M.	 A.,	 Daw,	 T.	 M.,	
Garmendia,	E.,	…	Phelps,	J.	(2017).	Off‐stage	ecosystem	service	bur-
dens:	A	 blind	 spot	 for	 global	 sustainability.	Environmental Research 
Letters,	12(7),	075001.	https://doi.org/10.1088/1748‐9326/aa7392
Perry,	C.	T.,	Kench,	P.	S.,	O’Leary,	M.	J.,	Morgan,	K.	M.,	&	Januchowski‐
Hartley,	F.	(2015).	Linking	reef	ecology	to	island	building:	Parrotfish	
identified	 as	 major	 producers	 of	 island‐building	 sediment	 in	 the	
Maldives.	 Geology,	 43(6),	 503–506.	 https://doi.org/10.1130/
g36623.1
Peterson,	G.	D.,	Harmáčková,	Z.	V.,	Meacham,	M.,	Queiroz,	C.,	Jiménez‐
Aceituno,	A.,	Kuiper,	 J.	 J.,	…	Bennett,	E.	M.	 (2018).	Welcoming	dif-
ferent	 perspectives	 in	 IPBES:	 "Nature's	 contributions	 to	 people"	
and	 "Ecosystem	 services".	 Ecology and Society,	 23(1),	 https://doi.
org/10.5751/es‐10134‐230139
Pittman,	S.	 J.,	Poti,	M.,	 Jeffrey,	C.	F.	G.,	Kracker,	L.	M.,	&	Mabrouk,	A.	
(2018).	 Decision	 support	 framework	 for	 the	 prioritization	 of	 coral	
reefs	 in	 the	 U.S.	 Virgin	 Islands.	 Ecological Informatics,	 47,	 26–34.	
https://doi.org/10.1016/j.ecoinf.2017.09.008
Poe,	M.	R.,	Donatuto,	J.,	&	Satterfield,	T.	(2016).	“Sense	of	Place”:	Human	
wellbeing	considerations	for	ecological	restoration	in	Puget	Sound.	
Coastal Management,	44(5),	409–426.	https://doi.org/10.1080/0892
0753.2016.1208037
Pratchett,	M.	S.,	Hoey,	A.	S.,	&	Wilson,	S.	K.	(2014).	Reef	degradation	and	
the	loss	of	critical	ecosystem	goods	and	services	provided	by	coral	
reef	fishes.	Current Opinion in Environmental Sustainability,	7,	37–43.	
https://doi.org/10.1016/j.cosust.2013.11.022
1034  |    Functional Ecology WOODHEAD Et Al.
Reguero,	 B.	 G.,	 Beck,	 M.	W.,	 Agostini,	 V.	 N.,	 Kramer,	 P.,	 &	 Hancock,	
B.	 (2018).	 Coral	 reefs	 for	 coastal	 protection:	 A	 new	 methodolog-
ical	 approach	 and	 engineering	 case	 study	 in	 Grenada.	 Journal of 
Environmental Management,	210,	146–161.	https://doi.org/10.1016/j.
jenvman.2018.01.024
Reyers,	B.,	Biggs,	R.,	Cumming,	G.	 S.,	 Elmqvist,	 T.,	Hejnowicz,	A.	P.,	&	
Polasky,	 S.	 (2013).	 Getting	 the	 measure	 of	 ecosystem	 services:	 A	
social–ecological	approach.	Frontiers in Ecology and the Environment,	
11(5),	268–273.	https://doi.org/10.1890/120144
Robinson,	J.	P.	W.,	Wilson,	S.	K.,	Robinson,	J.,	Gerry,	C.,	Lucas,	J.,	Assan,	
C.,	…	Graham,	N.	A.	J.	(2019).	Productive	instability	of	coral	reef	fish-
eries	after	climate‐driven	regime	shifts.	Nature Ecology & Evolution,	
3(2),	183–190.	https://doi.org/10.1038/s41559‐018‐0715‐z
Robles‐Zavala,	E.,	&	Reynoso,	A.	G.	C.	(2018).	The	recreational	value	of	
coral	reefs	in	the	Mexican	Pacific.	Ocean & Coastal Management,	157,	
1–8.	https://doi.org/10.1016/j.ocecoaman.2018.02.010
Rogers,	A.	(2019).	Plenty	more	fish	in	the	sea.	Nature Ecology & Evolution,	
3(2),	151–152.	https://doi.org/10.1038/s41559‐018‐0756‐3
Rogers,	 A.,	 Blanchard,	 J.	 L.,	 Mumby,	 P.	 J.,	 &	 Arlinghaus,	 R.	 (2018).	
Fisheries	 productivity	 under	 progressive	 coral	 reef	 degrada-
tion.	 Journal of Applied Ecology,	 55(3),	 1041–1049.	 https://doi.
org/10.1111/1365‐2664.13051
Rogers,	 A.,	 Harborne,	 A.	 R.,	 Brown,	 C.	 J.,	 Bozec,	 Y.‐M.,	 Castro,	 C.,	
Chollett,	I.,	…	Mumby,	P.	J.	(2015).	Anticipative	management	for	coral	
reef	ecosystem	services	 in	the	21st	century.	Global Change Biology,	
21(2),	504–514.	https://doi.org/10.1111/gcb.12725
Shideler,	G.	S.,	&	Pierce,	B.	(2016).	Recreational	diver	willingness	to	pay	
for	goliath	grouper	encounters	during	the	months	of	their	spawning	
aggregation	off	eastern	Florida,	USA.	Ocean & Coastal Management,	
129,	36–43.	https://doi.org/10.1016/j.ocecoaman.2016.05.002
Spalding,	 M.,	 Burke,	 L.,	 Wood,	 S.	 A.,	 Ashpole,	 J.,	 Hutchison,	 J.,	 &	 zu	
Ermgassen,	 P.	 (2017).	 Mapping	 the	 global	 value	 and	 distribu-
tion	 of	 coral	 reef	 tourism.	Marine Policy,	 82,	 104–113.	 https://doi.
org/10.1016/j.marpol.2017.05.014
Steffen,	 W.,	 Grinevald,	 J.,	 Crutzen,	 P.,	 &	 McNeill,	 J.	 (2011).	 The	
Anthropocene:	Conceptual	and	historical	perspectives.	Philosophical 
Transactions of the Royal Society A ‐ Mathematical, Physical and 
Engineering Sciences,	369(1938),	 842–867.	 https://doi.org/10.1098/
rsta.2010.0327
Storlazzi,	C.	D.,	Gingerich,	S.	B.,	 van	Dongeren,	A.	p.,	Cheriton,	O.	M.,	
Swarzenski,	P.	W.,	Quataert,	E.,	…	McCall,	R.	(2018).	Most	atolls	will	
be	uninhabitable	by	the	mid‐21st	century	because	of	sea‐level	rise	
exacerbating	wave‐driven	flooding.	Science Advances,	4(4),	eaap9741.	
https://doi.org/10.1126/sciadv.aap9741
Suding,	 K.	 n.,	 Lavorel,	 S.,	 Chapin,	 F.	 s.,	 Cornelissen,	 J.	 h.	 c.,	 Díaz,	 S.,	
Garnier,	 E.,	 …	 Navas,	 M.‐L.	 (2008).	 Scaling	 environmental	 change	
through	 the	 community‐level:	 A	 trait‐based	 response‐and‐effect	
framework	 for	 plants.	 Global Change Biology,	 14(5),	 1125–1140.	
https://doi.org/10.1111/j.1365‐2486.2008.01557.x
TEEB	(2010).	The economics of ecosystems and biodiversity: the ecological 
and economic foundations.	London:	Earthscan.
Teh,	L.	S.,	Teh,	L.	C.,	&	Sumaila,	U.	R.	 (2013).	A	global	estimate	of	 the	
number	 of	 coral	 reef	 fishers.	 PLoS One,	 8(6),	 e65397.	 https://doi.
org/10.1371/journal.pone.0065397
Tengö,	 M.,	 Hill,	 R.,	 Malmer,	 P.,	 Raymond,	 C.	 M.,	 Spierenburg,	 M.,	
Danielsen,	 F.,	 …	 Folke,	 C.	 (2017).	 Weaving	 knowledge	 systems	 in	
IPBES,	CBD	and	beyond—lessons	learned	for	sustainability.	Current 
Opinion in Environmental Sustainability,	 26–27,	 17–25.	 https://doi.
org/10.1016/j.cosust.2016.12.005
Turner,	R.	A.,	Cakacaka,	A.,	Graham,	N.	A.	J.,	Polunin,	N.	V.	C.,	Pratchett,	
M.	S.,	Stead,	S.	M.,	&	Wilson,	S.	K.	(2007).	Declining	reliance	on	ma-
rine	 resources	 in	 remote	 South	Pacific	 societies:	 Ecological	 versus	
socio‐economic	 drivers.	 Coral Reefs,	 26(4),	 997–1008.	 https://doi.
org/10.1007/s00338‐007‐0238‐6
Unsworth,	R.	K.	F.,	McKenzie,	L.	J.,	Nordlund,	L.	M.,	&	Cullen‐Unsworth,	
L.	 C.	 (2018).	 A	 changing	 climate	 for	 seagrass	 conservation?	
Current Biology,	 28(21),	 R1229–R1232.	 https://doi.org/10.1016/j.
cub.2018.09.027
Uyarra,	M.	C.,	Watkinson,	A.	R.,	&	Cote,	I.	M.	(2009).	Managing	dive	tour-
ism	 for	 the	 sustainable	use	of	 coral	 reefs:	Validating	diver	percep-
tions	 of	 attractive	 site	 features.	 Environmental Management,	43(1),	
1–16.	https://doi.org/10.1007/s00267‐008‐9198‐z
Vergés,	A.,	McCosker,	E.,	Mayer‐Pinto,	M.,	Coleman,	M.	A.,	Wernberg,	T.,	
Ainsworth,	T.,	&	Steinberg,	P.	D.	(2019).	Tropicalisation	of	temperate	
reefs:	Implications	for	ecosystem	functions	and	management	actions.	
Functional Ecology,	1–14.	https://doi.org/10.1111/1365‐2435.13310
Wabnitz,	 C.,	 Taylor,	 M.,	 Green,	 E.,	 &	 Razak,	 T.	 (2003).	 From ocean to 
aquarium.	Cambridge:	UNEP‐WCMC.
Wild,	 C.,	 Huettel,	M.,	 Klueter,	 A.,	 Kremb,	 S.	 G.,	 Rasheed,	M.	 Y.	M.,	 &	
Jorgensen,	B.	B.	(2004).	Coral	mucus	functions	as	an	energy	carrier	
and	particle	 trap	 in	 the	 reef	 ecosystem.	Nature,	428(6978),	66–70.	
https://doi.org/10.1038/nature02344
Williams,	G.	J.,	Gove,	J.	M.,	Eynaud,	Y.,	Zgliczynski,	B.	J.,	&	Sandin,	S.	A.	
(2015).	Local	human	impacts	decouple	natural	biophysical	relation-
ships	 on	 Pacific	 coral	 reefs.	Ecography,	38(8),	 751–761.	 https://doi.
org/10.1111/ecog.01353
Williams,	G.	J.,	Graham,	N.	A.	J.,	Jouffray,	J.‐B.,	Norström,	A.	V.,	Nyström,	
M.,	Gove,	J.	M.,	…	Wedding,	L.	M.	(2019).	Coral	reef	ecology	in	the	
Anthropocene.	 Functional Ecology,	 33,	 1014–1022.	 https://doi.
org/10.1111/1365‐2435.13290
Wilson,	 S.	 K.,	 Graham,	 N.	 A.	 J.,	 Pratchett,	 M.	 S.,	 Jones,	 G.	 P.,	 &	
Polunin,	 N.	 V.	 C.	 (2006).	 Multiple	 disturbances	 and	 the	 global	
degradation	 of	 coral	 reefs:	 Are	 reef	 fishes	 at	 risk	 or	 resil-
ient?	 Global Change Biology,	 12(11),	 2220–2234.	 https://doi.
org/10.1111/j.1365‐2486.2006.01252.x
XL	Catlin	Seaview	Survey	(2015).	The	science	of	the	XL	Catlin	Seaview	
Survey.	 Retrieved	 from	 http://catlinseaviewsurvey.com/science/
technology
Yadav,	S.,	Alcoverro,	T.,	&	Arthur,	R.	 (2018).	Coral	reefs	respond	to	re-
peated	ENSO	events	with	increasing	resistance	but	reduced	recov-
ery	 capacities	 in	 the	 Lakshadweep	 archipelago.	 Coral Reefs,	 37(4),	
1245–1257.	https://doi.org/10.1007/s00338‐018‐1735‐5
Yee,	 S.	H.,	Dittmar,	 J.	A.,	&	Oliver,	 L.	M.	 (2014).	Comparison	of	meth-
ods	for	quantifying	reef	ecosystem	services:	A	case	study	mapping	
services	for	St.	Croix,	USVI.	Ecosystem Services,	8,	1–15.	https://doi.
org/10.1016/j.ecoser.2014.01.001
How to cite this article:	Woodhead	AJ,	Hicks	CC,	Norström	
AV,	Williams	GJ,	Graham	NAJ.	Coral	reef	ecosystem	services	in	
the	Anthropocene.	Funct Ecol. 2019;33:1023–1034. https://
doi.org/10.1111/1365‐2435.13331
